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Abstract: Capacitive De-Ionization (CDI) is becoming a suitable alternative for desalination. 
The low cost of the materials required and its reduced energy consumption can be critical 
factors for developing this technique. CDI technology does not require a high-pressure 
system and the energy storage capability of CDI cells allows it to be reused in other CDI 
cells, thus minimizing consumption. The goal of the power stage responsible of the energy 
recovery is transferring the stored energy from one cell to another with the maximum possible 
efficiency, thus allowing the desalination process to continue. Assuming hysteresis current 
control is implemented at the DC/DC (direct current) converter, this paper aims to 
determine the optimum peak current through the inductor in each switching period with a 
view to maximizing overall efficiency. The geometrical parameters of the desalination cell 
and the NaCl concentration modify the cell electrical properties. The peak current control 
of the power stage should be adapted to the cell characteristics so that the efficiency 
behavior of the whole CDI system can be improved. The mathematical model defined in 
this paper allows the CDI plant automation using the peak inductor current as control 
variable, adapting its value to the salt concentration during the desalination process. 
Keywords: desalination; Capacitive De-Ionization; DC/DC (direct current) converter; 
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1. Introduction 
Water availability is not guaranteed for large regions of the world due to current issues such as 
population increase, pollution or global warming. Desalination of sea water could be a possible 
solution to this problem, but it is not widely used yet because of the high power consumption required 
to make water drinkable. Cost-effective and efficient methods are demanded due to the rising cost of 
energy. There are already several processes being used in this field such as reverse osmosis, distillation 
or electrodialysis. Reverse osmosis is a widely-used process for large water production; it involves 
energy consumption around 4 kWh/m
3
 [1,2]. Other technologies involve high diesel consumption with 
higher energy requirements and CO2 emissions. However, Capacitive De-Ionization (CDI) presents an 
important potential of development compared to other technologies. Furthermore, CDI has lower 
energy requirements and membranes can be avoided. It is estimated that the energy required when 
using CDI + energy recovery control systems can be reduced up to one fourth that required by reverse 
osmosis [3,4]. The aim of this work is to take advantage of the energy stored in the desalination 
modules and to re-use it with high efficiency by means of a buck-boost converter. 
As already mentioned, CDI is a low-pressure desalination process. The ions are removed from 
water by making the water flow between the plates of an electric capacitor. As can be seen in Figure 1, 
when the plates are polarized, they attract the ions present in salt water with an opposite sign, thus 
creating an electrical double layer and eliminating the ions from the water. When the plates are 
saturated with ions, the water flow is stopped, the plates are depolarized and a brine stream is used to 
remove the adsorbed ions. During this cleaning process a second module is polarized using the 
depolarization energy stored in the first module, thus continuing with the water desalination. This 
means that the primary energy source, which could be renewable energy such as wind power, must 
only provide the energy to compensate the losses produced when energy is transferred from one 
module to the next one. 
Figure 1. Ion adsorption during polarization of the plates. 
 
The electrodes of each module must be able to adsorb as many ions as possible. In addition, they 
should have a good conductivity. In the prototype developed they were made with graphite covered 
with a 100-µm active carbon layer that has high specific surface area. These electrodes are connected 
to create an electrical equivalent circuit similar to that of a supercapacitor, as represented in Figure 2. 
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Figure 2. Piling of substrates with screen printed active carbon. 
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The carbon substances which are used in the electrodes must have good conductivity, high surface 
area and a suitable pore size distribution [5–9]. The National Coal Institute (INCAR), located in Spain, 
has developed nanoporous carbon materials with high surface areas that show high electrochemical 
activity as electrodes when used in supercapacitors [10,11]. In this system, the energy storage is based 
on the accumulation of ions on the electrode surface. These materials have been used in the 
development of a laboratory prototype. The main advantage of CDI is its capacity to harness energy. 
There are two main stages in the operation of the supercapacitor: purification and purge. 
During the purification stage, a voltage is applied to the plates in order to remove the salt ions, 
which are attracted by the carbon electrodes due to the electric field. It must be taken into account that, 
even if the desalination module is made with several plates (Figure 2), it is necessary to keep a 
limitation on the voltage between two plates (<1.5 V) in order to avoid hydrogen generation. Then, the 
ions are removed off the plates during the purge stage when no voltage is applied. The charge and 
discharge of the supercapacitor during these processes is the key to energy saving [12–21]. Similar 
situations can be found in vehicle applications where the supercapacitors are used as energy storage 
devices [22–25]. It is interesting to point out the ultracapacitor promising future [20] alone and 
combined with batteries as a storage element, which improves the dynamic behavior of the mentioned 
storage system. 
In this paper, a CDI method with energy recovery control system is proposed. Buck-boost topology 
has been used for the energy transfer in order to achieve high efficiency. The current control proposed 
improves the efficiency with low salt concentration, which is the situation involving large series 
resistance in the equivalent circuit and higher conduction losses. Therefore it is possible to keep the 
efficiency of the CDI system very close to 80% regardless of the salt concentration. This technology is 
able to make relevant improvements in desalination processes according to simulation results and 
experimental data from laboratory. 
2. CDI Module Characterization 
The electrical characterization of the CDI-module allows the desalination system to be simulated. 
Each CDI stage can be modeled just like a supercapacitor: with a series resistance RS, a parallel 
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resistance RP, and the capacitance value C (Figure 3). These parameters take different values depending 
on the geometrical configuration of the CDI stage and the salt molar concentration, M. In order to 
measure these parameters, a DC source was used to charge the CDI module. Figure 4 shows the 
evolution of the input CDI voltage (VC) during the charging and discharging process. Initially the CDI 
module is discharged and at t = 0, 1 A DC current is applied at its input. Therefore, since the 
equivalent capacitor C is initially discharged, the value of the voltage measured VC (t = 0+), will 
represent the value of RS expressed in Ω. 
Figure 3. Electric circuit used for the parasitic determination. 
 
Figure 4. Electric charge/discharge test used for the parasitic determination. Top: Current 
source used, I; Bottom: Voltage across the capacitor, Vc. 
 
The capacitance C of the CDI module can be obtained from the linear charging process, during 
which the parallel resistance RP can be neglected: 
tgα
I
C   (1) 
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Finally, when the current source is turned off, voltage VC experiences a voltage drop corresponding 
to that across the series resistance RS, and an exponential evolution of VC defined by the values of C 
and RP follows that can be approximated by the expression: 
P ·
Cmax·
t
R C
iV V e

  (2) 
where VCmax is the maximum voltage across the CDI module once current I turns to 0 A. The only 
unknown in the previous equation is the parallel resistance RP. Using this parameter extraction method, 
the values of RP, RS and C were obtained as a function of the NaCl molar concentration (M) and of 
geometrical parameters: distance between electrodes d, and number of electrodes n (Table 1).  
The values obtained in Table 1 can be extended to other electrode surfaces assuming a linear effect of 
the surface in these parameters. Therefore the influence of the electrode surface could be taken into 
account by considering that RP doubles and the capacitance is reduced to half its value when the 
surface is also halved. The value of RS would be slightly different due to the constant term introduced 
by the contacts. 
Table 1. CDI cell parameters for different geometrical configurations. 
 
2 Electrodes 3 Electrodes 4 Electrodes 
d (mm) d (mm) d (mm) 
0.85 1.35 1.85 0.85 1.35 1.85 0.85 1.35 1.85 
M Capacitance—(F) 
0.06 33.9 36.4 36.0 15.7 17.7 17.5 12.3 13.1 13.1 
0.1 41.6 39.4 37,5 19.2 19.7 19.1 14.1 14.7 14.8 
0.3 44.4 43.1 41.8 21.6 21.9 21.5 16.5 16.8 16.1 
0.6 46.9 45.1 44.8 22.8 23.1 22.6 18.1 17.8 17.2 
M Series Resistance—(Ω) 
0.06 0.047 0.073 0.093 0.099 0.113 0.168 0.121 0.163 0.248 
0.1 0.038 0.050 0.079 0.064 0.081 0.114 0.081 0.114 0.171 
0,3 0.024 0.029 0.038 0.035 0.047 0.057 0.046 0.052 0.078 
0.6 0.019 0.024 0.028 0.028 0.028 0.041 0.030 0.039 0.047 
M Parallel Resistance—(Ω) 
0.06 39.6 44.8 47.9 57.4 69.4 82.6 64.4 72.9 81.8 
0.1 34.5 43.8 55.6 49.7 59.0 73.8 56.8 72.0 69.7 
0.3 31.9 38.7 52.7 42.5 43.9 52.7 45.6 43.5 43.1 
0.6 33.0 37.1 44.2 38.5 37.3 39.5 36.9 33.5 36.0 
The information shown in Table 1 has been obtained from a prototype with 250 × 250 mm
2
 graphite 
electrodes. The thickness of the nanoporous carbon layer is 100 µm. A photograph of the prototype can 
be seen in Figure 5. The high-salt-concentration water goes into the cell at the top and, after the salt 
retention process, the water flows out of the bottom end. In order to be able to transfer the energy 
stored in the desalination cell to another one, it is necessary to include a DC/DC converter in the 
system. This element will allow the desalination process to be continued by charging a new CDI 
module and sending the previous processed water to this new module. 
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Figure 5. Capacitive De-Ionization (CDI) module prototype. 
 
According to Figure 6, the buck-boost converter will have the module-1 voltage (VC1) at the input 
and the stage-2 voltage (VC2) at the output. The primary source provides the energy to compensate the 
losses produced when energy is transferred from one module to the next one. 
Figure 6. Desalination block diagram with a buck-boost converter for recovering energy process. 
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During the energy transfer from module-1 to module-2 the power losses in the whole system will 
depend on the electrical parameters (Rs, Rp, C) and on the current handled by the converter.  
The electrical parameters (Rs, Rp, C) also depend on the geometric configuration of the CDI cell and 
the molar concentration, M, of the salt. Therefore, these parameters will change all through the 
desalination process and this variation will be reflected in the overall efficiency of the system. 
3. Buck-Boost DC/DC Converter 
For the sake of simplicity, a system consisting of only two CDI modules connected through an  
up-down converter (Figure 6) will be considered. Actual systems would have several desalination 
modules connected in series, with the first module receiving the water with a higher salt concentration, 
and the last one receiving the water with the lowest salt concentration. As already mentioned, the 
behaviour of the CDI modules will depend on geometrical parameters and salt concentration. The 
electric model of the CDI modules must be defined as a function of their geometry and of the salt 
molar concentration: RS (d,n,M), RP (d,n,M) and C (d,n,M). These values are changing during the 
desalination process, therefore if we aim to obtain the maximum possible efficiency, the up/down 
converter must be adapted during the process. The control variables that can be used in the DC/DC 
converter in order to modify the efficiency of the desalination system are ILmax and ILmin. Both currents 
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define the hysteresis control, making the switching frequency change as the input voltage decreases 
while the output voltage increases. 
Figure 7 represents two CDI modules. When module 1 is charged and the carbon electrodes are 
saturated of NaCl, the energy stored in this stage must be transferred to module 2, which will continue 
with the desalination process. Once module 1 is discharged, a brine water stream will clean the carbon 
electrodes so that the module is ready for a new desalination process. 
Figure 7. Proposed System. 
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Since both desalination modules are supposed to operate alike, it does not matter which module 
works as input or output module. The reference block is used to define the reference values, the 
maximum and minimum inductor current (ILmax, ILmin), in order to adapt the converter to the optimum 
operation, i.e., maximum efficiency, during the energy transfer. 
The electric model of the module determines the optimum converter control, and this control should 
be adapted depending on the parasitic element evolution (RP, RS, C) with the geometry and the  
NaCl concentration. 
The correct selection of the reference currents ILmax, ILmin for each electric model configuration 
(Table 1) will determine the efficiency of the converter in each one and, hence, the efficiency of the 
energy recovery carried out at the CDI modules. The maximum voltage between two electrodes must 
be lower than 1.5 V in order to avoid water decomposition into H2 and O2. In all the tests performed,  
1 V was used between electrodes in order to avoid equalization problems in the process. 
3.1. Topology 
The proposed system utilizes a DC/DC buck-boost converter with variable frequency (Figure 7). 
This is a well-known topology that uses two MOSFET transistors (metal–oxide–semiconductor  
field-effect transistor) and an inductor [8]. In addition, a control system based on hysteresis has been 
included that sets the limits of the inductor current (ILmax, ILmin). The efficiency of the whole CDI 
system will be conditioned by these two values. The aim will be to define the value of both ILmax and 
ILmin in order to maximize the efficiency during each switching period. 
3.2. Operation 
Firstly, MOSFET M1 is switched on while MOSFET M2 remains turned off. In this situation, the 
inductor current reaches the maximum limit (ILmax). During this time (ton), supercapacitor C1 is being 
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discharged. Then, MOSFET M1 is turned off during toff time and MOSFET M2 is turned on by means 
of the driver. Now, the current charges supercapacitor C2 until the inductor current reaches the 
minimum limit (ILmin). This cycle is repeated until supercapacitor C1 is completely discharged. The ton 
and toff parameters will change every switching cycle because input and output voltages are also 
changing during the process. 
Given the operation described above, and assuming the modules of the CDI system have been 
geometrically defined to minimize the effect of their series and parallel resistance, and therefore their 
losses, it is necessary now to analyze the control strategy of the converter. When defining this control 
strategy, it is relevant to aim for high efficiency in the conversion in order to achieve a high energy 
recovery balance. 
Initially ILmin = 0 was selected in order to obtain ZCS (Zero Current Switching) during the ton 
switching. On the other hand ILmax is going to be defined every switching period in order to obtain the 
highest efficiency in that period. That means the value of ILmax will change during the energy transfer 
in each switching period. 
3.3. Equations 
To perform an analysis of the converter operation, a mathematical model of the proposed converter 
has been developed and tested [9]. This enables the possibility of determining the voltage evolution of 
the desalination stage with a simple model. Assuming ideal components, ton time is obtained by 
assuming linear current evolution in the inductor current and constant voltage in C1 during each 
switching cycle. This inductor current evolution involves an energy transfer from the input capacitor to 
the inductor, which results in the voltage across the capacitor decreasing. To calculate the capacitor 
voltage reduction in each switching period, it can be assumed that the input capacitor is discharged by 
an average current source obtained from the actual inductor current evolution: 
Lmax Lmin
1( ) 1( 1) on( 1)
2
i i i
I I
uc uc t
C
 

  

 (3) 
Similarly, supercapacitor C2 increases its voltage in each switching cycle: 
Lmax Lmin
2( ) 2( 1) off ( 1)
2
i i i
I I
uc uc t
C
 

  

 (4) 
In order to estimate the losses in the system during each switching period, it is necessary to 
calculate the root-mean-square of the current during the two stages defined by times ton and toff. Due to 
the fact that the converter operates at variable frequency, these values change every cycle: 
on( )
( )
2
Lmax( ) Lmin( )
RMSC1 Lmin( )
on( ) off ( ) on( )0
1
i
i
t
i i
i
i i i
I I
i t I dt
t t t
 
        
  (5) 
 
off ( )
( )
on ( )
2
Lmin( ) Lmax( )
RMSC2 on( ) Lmax( )
on( ) off ( ) off ( )
1
i
i
i
t
i i
i i
i i it
I I
i t t I dt
t t t
 
         
  (6) 
Converter conduction losses during the total transfer time “T” can be obtained considering the 
overall series resistance: the inductor series resistance, RSL, and the switch on-resistance, RSon: 
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     2 2RMSC1( ) RMSC2( ) on( ) off ( ) SL Son
cond( )
i i i i
i
i
i i t t R R
P
T
    


 (7) 
In addition to conduction losses, switching losses must be taken into account. They could be 
relevant when the operation frequency is high, which depends on the inductor selected. These 
switching losses [24] can be calculated as shown below by considering the rise and fall time of the 
transistors (“tr” and “tf”): 
      r f Lmin( ) 1( ) 2( 1) Lmax( ) 1( 1) 2( )
switch( )
1
2
i i i i i i
i
i
t t I uc uc I uc uc
P
T
       


 (8) 
In order to obtain ZVS (Zero Voltage Switching) in both switches a capacitor snubber can be added 
in parallel with each switch and a negative ILmin(i) current can be allowed to charge/discharge the 
snubber during turn-on to eliminate the switching losses. ILmax will be used as the control variable 
during the energy transfer. According to the equations above, it can be seen that, depending on the 
values assigned to this current limit, power losses can change dramatically. Therefore, this parameter 
will also determine the efficiency of the system. 
Once the power losses in the DC/DC converter have been modelled, the losses in the whole 
desalination system can be determined by calculating the losses in the CDI cells during each switching 
period. Using the RMS current at the input (iRMSC1(i)) and at the output (iRMSC2(i)) of the converter, 
which depend on ILmax(i), the energy lost in the CDI series resistance, RS, during ton and toff can be 
calculated as: 
 
S ( )
2
on( ) S RMSC1 on( , , ) ( , , ) iR iE d n M R d n M i t    (9) 
 
S ( )
2
off ( ) S RMSC2 off( , , ) ( , , ) iR iE d n M R d n M i t    (10) 
S S S( ) on( ) off ( )
( , , ) ( , , ) ( , , )R i R i R iE d n M E d n M E d n M   (11) 
The energy lost in the parallel resistance ERp can be easily derived if we assume that the capacitor 
discharge is mainly due to the current handled by the converter. Then the equation to calculate the 
energy losses in both input and output CDI modules, ERp, will be: 
 

)(
)(
0
2
)(
·
),,(
)(
),,(
i
iP
T
P
iC
R dt
MndR
tu
MndE
 
(12) 
With the power losses derived from the previous equations, the voltage at the input and output can 
be recalculated in order to obtain the actual value of both parameters [9]. The following step is to 
calculate the efficiency of the desalination system during switching period (i) for different values of 
current ILmax: 
( ) ( )( ) cond( ) witch( )
( , , ) ( , , ) ( , , ) ( , , ) ( , , )
S i P iT i R R i s i
E d n M E d n M E d n M P d n M T P d n M T       (13) 
( ) ( )
( )
2
( )
( , , ) ( , , )
η ( , , ) 1
1
··
2
S i P iR R
i
C i
E d n M E d n M
d n M
C u

   
(14) 
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If the data shown in Table 1 is introduced in the previous equation system, the efficiency of the 
desalination system can be derived for different types of CDI modules and different values of salt 
concentration, M. Current ILmax will serve as control parameter for this efficiency value. Initially a 
constant current ILmax = 2 A is considered. This value was selected in order to have the maximum 
efficiency with constant ILmax current when M = 0.06, d = 0.85 mm and n = 4. The calculation was 
carried out by means of the mathematical model presented. A constant current ILmax = 2 A was also 
used to obtain the efficiency in all the cases shown in Table 2. This value avoids large conduction 
losses and long transfer time. If this parameter is reduced to 1 A or increased to 3 A, the efficiency in 
most of the cases is reduced more than 5%. Table 2 shows the results obtained in this case for a  
250 × 250 mm
2
 electrode system (Figure 5). 
Table 2. Desalination system efficiency for several geometrical configurations with ILmax = 2 A. 
 
n = 2 Electrodes n = 3 Electrodes n = 4 Electrodes 
d (mm) d (mm) d (mm) 
0.85 1.35 1.85 0.85 1.35 1.85 0.85 1.35 1.85 
M Efficiency (%) 
0.06 76.8 70.5 65.4 70.3 70.6 63.9 66.2 65.6 58.4 
0.1 77.8 76.7 70.0 73.9 73.7 70.8 68.8 70.4 64.1 
0.3 81.2 81.7 81.8 75.8 74.5 75.9 67.4 66.6 63.2 
0.6 83.1 82.9 83.2 74.8 74.1 73.3 63.9 59.6 61.4 
It has been checked that using the proposed mathematical model to calculate the optimum value for 
ILmax in every switching period (instead of considering a constant value for ILmax), the efficiencies obtained 
will have an important increase. How ILmax should be modified depends on each calculating point. 
Therefore the previous expressions were evaluated from ILmax = 0 up to the maximum value 
assigned to ILmax in order to determine the ILmax(i) set of values for the different switching periods that 
provides the maximum efficiency in the entire system. This process is also achieved for each 
geometrical configuration of the CDI modules defined by parameters d, n and M. 
Assuming that the maximum efficiency in the energy transfer is obtained when each switching 
period (Ti) also exhibits minimum losses, a set of ILmax values can be obtained from the previous 
information that defines the evolution of the maximum inductor current ILmax(t), during the total energy 
transfer time for each geometric CDI module configuration: 
 Lmax Lmax( )( ) μ( ) μ( ( 1) )i i i
i
I t I t i T t i T         (15) 
μ( ) 1 it i T t i T      (16) 
μ( ) 0 it i T t i T      (17) 
The following diagram (Figure 8) shows the calculation process for both ILmax(i) and efficiency 
during each switching interval. Initially, the set of values for RS, RP and C is obtained considering 
different distance between electrodes, d, number of electrodes, n, and salt concentration, M. The result 
of this calculation provides a three dimensional matrix (the dimensions are defined by d, n, M,  
see Table 1) for each electric parameter. 
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Rs(n,d,M), Rp(n,d,M) and C(n,d,M). With this information, the core of the mathematical model is 
based on a loop where the input voltage decreases due to the energy transfer until its value is only  
0.1 V. The loop contains the set of expressions to derive all energy losses and the efficiency of the 
desalination system during switching periods (i). An inner loop is used in order to obtain the optimum 
solution (maximum efficiency) within a given switching period (i). This inner loop is used to sweep 
the values of the maximum current ILmax(j) from 0.1 A until the efficiency cannot be improved any 
more (ηj − ηj−1) < ε. Where ε represents the maximum error allowed. 
Figure 8. ILmax calculation process during the energy transfer. 
n =2,3,4..
d=0.85, 1.35, 1.85…
M=0.01, 0.1, 0.3, 0.6
Model parameter extraction
Rs(n,d,M)
Rp(n,d,M)
C(n,d,M)
Losses estimation
ERs(j) , ERp(j), Eswitch(j), Econd(j)
Efficiency estimation
hj(n,d,M)
hjhj-1e
Initial values
ILmax(0)=0.1A
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uC2(0)
ILmax(i)=ILmax(j)   Optimum ILmax(i)
hi(n,d,M)hj(n,d,M) Maximum efficiency switching (i)
i=i+1
uC1(i)>0.1
(discharging C1)
ILmax(j)=ILmax(j)+0.1
update input and output voltage
uC1(i+1), uC2(i+1)
END
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No
Yes
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With this calculation process (Figure 8) the efficiencies have been recalculated in all the configurations 
described (Table 3). The new results show an important improvement in the desalination system 
efficiency. This efficiency is determined by the correct adjustment of the converter operation to each 
cell configuration in order to minimize the power losses. The screen printing technology allows good 
manufacture repeatability therefore the converter adjustment for one cell can be standardized for 
similar ones, thus avoiding the need to individually adjusting all the converters in the system. The 
desalination capability of the cell is directly related to its capacity which depends on the geometry. 
This capacity remains quite constant during the cycling process as it is introduced by CSIC-INCAR in 
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reference [10]. In this case a desalination capacity of 250 mg/m
2
 was obtained with two graphite 
electrodes at d ≈ 1.5mm using 100 µm nanoporous carbon (carbon mass 6 g) layer in 0.6 M water. 
Table 3. Desalination system efficiency for several geometrical configurations with ILmax 
changing during the transference process. 
 
2 Electrodes 3 Electrodes 4 Electrodes 
d (mm) d (mm) d (mm) 
0.85 1.35 1.85 0.85 1.35 1.85 0.85 1.35 1.85 
M Efficiency—(%) 
0.06 81.05 81.45 81.90 76.95 77.02 77.013 76.17 75.81 75.01 
0.1 82.81 82.81 79.52 79.80 79.71 79.10 77.80 77.21 76.50 
0.3 85.45 85.00 84.48 84.15 81.89 81.82 81.60 81.02 76.60 
0.6 87.15 85.81 85.47 85.15 85.85 82.49 84.18 82.28 80.50 
4. Experimental Results 
The proposed buck-boost converter has been built in order to verify the described theory and the 
simulations. Since it is a low-power application, the use of specific components is required in order to 
avoid high losses, which would considerably diminish the global performance. High efficiency and 
speed switching MOSFETs (IRLU3636PBF) and an inductor value L = 50 μH have been used. The 
hysteresis current control system is implemented using TL3016 ultrafast precision comparators  
(Texas Instruments, Dallas, TX, USA) and the current-sense amplifier MAX4377 (Maxim-integrated, 
San Jose, CA, USA) (Figure 9). 
Figure 9. Buck-boost converter. 
 
The hysteresis control of the inductor current involves a variable operating frequency, because a 
steady state is never really reached: the input capacitor is discharged while the output voltage increases 
during the process: ton and toff are constantly changing. 
ILmax Control 
In order to obtain zero current switching (ZCS) during the turn-on of M1 and turn-off of M2,  
ILmin = 0 A was selected. The value of ILmax will condition the power losses and the efficiency of the 
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whole system. The importance of this fact can be proven by comparing two different converter 
operations. Firstly, a constant value will be fixed for ILmax during all the energy transfer process and the 
efficiency results will be compared with those corresponding to the optimum current control. For this 
test, low salt concentration was selected so that parameters RS and RP of the electrical model were 
relevant. The geometry configuration selected considered d = 0.85 mm, N = 4 electrodes and M = 0.06, 
which results in an electrical model, as defined in Section II, with the following parameters: C = 12.3 F, 
RS = 0.121 Ω, RP = 64.4 Ω. The value used for current ILmax was 2 A, which resulted in an evolution of 
input and output voltages during the energy transfer from C1 to C2 as shown in Figure 10. The efficiency 
obtained was measured to be 64%. The efficiency predicted by the model in the same conditions was 
66.2% (see Table 2). This 2% discrepancy might be due to the contacts, the wiring and the tolerance in 
the electric parameters calculation. 
Figure 10. Input and output converter voltage during the energy transfer. ILmax = 2 A. 
 
The second test performed used the algorithm proposed in the previous section so that current ILmax 
was adapted during the transfer process as shown in Figure 11. 
Figure 11. Evolution of the optimum ILmax parameter during the energy transfer. 
 
uC1(t) uC2(t)
ILmax (A)
t (ms)
ILmax 
IL(t) 
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This evolution of ILmax was considered to be optimal (as far as overall efficiency is concerned) and 
should result in the discharge of the input module and the charge of the output one as represented in 
Figure 12. The efficiency calculated with the mathematical model (η = 76.17%, according to Table 3) 
is quite similar to the experimental one η = 74.3%. There is also a great agreement in the total transfer 
time: 47 s approximately. 
Figure 12. Theoretical evolution of the input and output voltages in the DC/DC converter. 
 
Figure 13 shows the experimental measurements of the energy transfer when the optimum ILmax 
current evolution is used. 
Figure 13. Experimental evolution of input and output voltages (optimum ILmax evolution). 
 
5. Conclusions 
The Capacitive De-Ionization process has a promising future in desalination thanks to its capability 
to store and recover energy. A converter mathematical algorithm has been developed which simplifies 
simulations and avoids long computing times. 
uC1(t) (V)
uC2(t) (V)
t (s)
uC1(t)
uC2(t)
ILmax(t)
IL(t) 
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A modelling of the CDI stages versus several parameters (d,n,M) has been developed to predict 
their influence on the efficiency in the system. A new control strategy for the maximum inductor 
current ILmax has been proposed. By defining the optimum ILmax value in each switching period it is 
possible to optimize the efficiency of the converter, period by period during all the process. The result 
is an important improvement in the total energy transferred. 
It has been demonstrated that high efficiencies in energy recovery are achievable even with low salt 
concentration and therefore with large series, RS, and parallel, RP, equivalent resistors. The proposed 
computer analysis to calculate the appropriate ILmax, involves the possibility of controlling the DC/DC 
converter in such a way that it can be adapted to the salt concentration, which defines the electrical 
parameters of the CDI module, during the desalination process. This fact simplifies the automation of 
the CDI plant just measuring the NaCl concentration during the water processing. Once the CDI 
module has been characterized all the parasitic components (RS,RP,C) as a function of M (molar 
concentration) are known. Therefore an optimal ILmax evolution can be obtained for every value of the 
salt concentration at the input of the module. 
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